While epidermal growth factor receptor (EGFR) dysregulation is known to play a critical role in prostate carcinogenesis, there has been no direct evidence indicating EGFR mutations induce tumorigenesis in prostate cancer. We previously identified four novel EGFR somatic mutations in the EGFR tyrosine kinase domain of prostate cancer patients: G735S, G796S, E804G and R841K. In this study, we investigated the oncogenic potential of these somatic mutations by establishing stable clonal NIH3T3 cells expressing these four mutations and WT EGFR to determine their ability to increase cell proliferation and invasion. In the absence of the EGF ligand, cell proliferation was readily increased in G735S, G796S and E804G mutants compared to WT EGFR. The addition of EGF ligand greatly increased cell growth and transforming ability of these same EGFR mutants. Matrigel invasion assays showed enhanced invasion with G735S, G796S and E804G mutants. Western blot analysis showed that these EGFR mutations enhanced cell growth and invasion via constitutive and hyperactive tyrosine phosphorylation and led to the activation of mitogen-activated protein kinase (MAPK), signal transducer and activator of transcription 3 (STAT3) and Akt pathways. Our findings demonstrate the oncogenic activation of three novel EGFR somatic missense mutations in prostate cancer. Molecules that regulate the mechanisms of their oncogenic activation represent novel targets for limiting tumor cell progression, and further elucidation of these mutations will have utility in prostate cancer treatment.
Introduction
Epidermal growth factor receptors (EGFRs) are a family of transmembrane protein tyrosine-kinase receptors that are targeted by a variety of growth signals or ligands and form homo-or heterodimers in a variety of cell types (Ushiro and Cohen, 1980; Schreiber et al., 1983) . Upon ligand binding, phosphorylation of tyrosine kinase creates docking sites for signaling molecules containing PTB or SH2 domains, which then leads to a phosphorylation cascade of downstream proteins, including members of the Akt, mitogen-activated protein kinase (MAPK) and signal transducer and activator of transcription 3 (STAT3) pathways (Yarden and Sliwkowski, 2001; Citri and Yarden, 2006) . Aberrant signaling or abnormal activation through ligand overproduction, receptor overexpression or gain-of-function mutations can drive tumorigenesis in a broad spectrum of human cancers (Yarden and Sliwkowski, 2001; Hubbard, 2005) .
Dysregulation of EGFR expression and function is a common feature of a number of tumors. Recently, either point or deletion mutations of the EGFR kinase domain have been associated with a number of human cancers, including lung, head/neck and brain tumors (Paez et al., 2004; Pao et al., 2004; Bell et al., 2005; Lee et al., 2005 Lee et al., , 2006 Nagahara et al., 2005) . The L858R EGFR mutation, also alternatively identified as L834R for the human EGFR sequence occuring in lung and head neck cancer, has been extensively studied and serves as a prototype for EGFR kinase domain mutational studies in many other cancers. L858R is located in the activation loop encoded by exon 21 (Pao et al., 2004; Arteaga, 2006; Zhang et al., 2006; Choi et al., 2007) .
Several groups have demonstrated the role of increased EGFR signaling in prostate carcinogenesis and progression (Sherwood et al., 1998; Ratan et al., 2003; Torring et al., 2003) . We have recently reported the discovery of four somatic missense mutations in the tyrosine kinase domain of EGFR in prostate cancer patients (Douglas et al., 2006) . The discovery of these mutations in the EGFR is important because it may lead to the identification of progressive yet treatable disease in cancer patients. In this study, we evaluated the biological function of these four EGFR mutants in terms of increased cellular proliferation and invasion. Furthermore, we assessed the ability of these EGFR tyrosine kinase domain mutations to differentially activate downstream signaling pathways, including Akt, MAPK and STAT3.
Results

Construction of clonal NIH3T3 cells stably expressing wild-type and mutated EGFR
The four kinase domain mutants, that is, G735S, G796S, E804G and R841K were created in retroviral mammalian expression pBabe vectors by site-directed mutagenesis using WT EGFR as a template . To express either WT or mutated EGFR in clonal stable cell lines, we transduced pBabe-G735S, pBabe-G796S, pBabe-E804G, pBabe-R841K, WT EGFR and pBabe (vector alone) into NIH3T3 cells with puromycine as the selection marker. As shown in Figures 2a and b , expression of WT EGFR and mutant EGFR (G735S, G796S, E804G and R841K) in the absence and presence of EGF was analysed by western blot. Net band intensities using a densitometer of G735S, G796S, E804G and R841K are 22 223 ± 781 (mean±s.e.m.) in the absence of EGF ligand. In the presence of EGF ligand, EGFR was also expressed at comparable levels with 31 835 ± 1247 (mean ± s.e.m.), indicating that the system was valid. b-Actin was used as a loading control for the western blot analysis. Three clonal stable cell lines for each mutant, as well as WT EGFR and vector alone (pBabe) were used in the experiments detailed below. stable cell lines transduced with each mutant, as well as WT EGFR and vector alone. The experiments were performed in both the absence and presence of EGF (50 ng ml À1 ). Cell counts were performed in triplicate with three independent clones. Addition of 50 ng ml
À1
EGF to the cells expressing WT EGFR receptor increased cell growth, indicating that the system was appropriate for this study.
Two of the four mutants (G796S and E804G) showed that their expression directly increased cell growth compared to WT EGFR, both in the absence of EGF (Figure 2c) , and more dramatically, in the presence of EGF (Figure 2d ). In the absence of EGF, cells with mutant E804G showed the fastest growth with a cell number of 264.6 ± 4.3 (mean ± s.e.m.) ( Â 10 4 ) on day 5 compared to WT (156.7 ± 4.8), followed by G796S with 236.7±7.5. This suggested that the mutated receptors were capable of inducing autonomous cell growth. The growth stimulation was more evident with the addition of EGF ligand for all mutants E804G, G796S, G735S and R841K with cell numbers of 331.3 ± 5.9, 276.6 ± 6.4, 219.3 ± 5.8 and 205.3 ± 3.5, respectively (Figure 2d ), compared to WT EGFR (185.3±2.9) on day 5. The increased cell proliferation effect over WT was most significant for mutants E804G and G796S in both the absence and presence of EGF. Notably, in the absence of EGF, cells expressing mutant R841K did not reveal any growth advantage compared to cells with pBabe vector alone or WT EGFR. With the addition of EGF on day 5, this mutant showed a slight increase in growth over the WT EGFR.
Mutations G735S, G796S and E804G increased cell transforming ability of mutated EGFR To assess the transforming potential of these EGFR kinase mutations, anchorage-independent growth assays were performed (Di Fiore et al., 1987; Danielsen and Maihle, 2002) . The G735S, G796S and E804G mutants were able to transform NIH3T3 cells to anchorageindependent growth in the absence of exogenous EGF (Figures 3a and b) . Cells stably expressing mutants G735S, E804G and G796S, respectively, showed 12.0-, 11.0-and 5.0-fold increases in their ability to form colonies in suspension media versus cells stably expressing WT EGFR. As previously described (Di Fiore et al., 1987; Greulich et al., 2005) , WT EGFR transformed cells after the EGF addition. Upon the addition of EGF to the soft agar medium, there was a ). NIH3T3 cells expressing R841K mutation showed comparable growth rate as WT EGFR in the absence of EGF (c) and moderately increased growth in the presence of EGF (d).
significant increase in the number of colonies (Figures 3a and b) of cells expressing WT EGFR and all three mutants G735S, G796S and E804G. There were 3.7-, 2.6-and 2.3-fold increases in the number of colonies for cells expressing mutants G735S, E804G and G796S, respectively, over cells expressing WT EGFR. The sizes of colonies in media with EGF were larger than that without EGF, especially for cells expressing mutant G735S (Figure 3a ). Cells expressing EGFR mutant R841K failed to induce colony formation in either the presence or absence of EGF. The above cell growth and anchorage-independent experiments strongly indicate the oncogenic effects of EGFR mutations G735S, G796S and E804G in prostate cancer.
Enhanced invasion by EGFR mutants
We further examined the in vitro invasion ability of NIH3T3 cells stably expressing EGFR mutants compared with those expressing WT EGFR by BD Matrigel invasion assays (Chu et al., 1993; Sato et al., 1994) . NIH3T3 is a noninvasive cell line (Sato et al., 1994) . Expression of WT EGFR promoted cell invasion only in the presence of EGF (50 ng ml À1 ) ( Figure 4a ). In contrast to WT, in the absence of EGF, cells expressing mutants G735S and E804G invaded through the reconstituted basement membrane system ( Figure 4a ) and showed 4-and 11-fold increases over WT invasion, respectively.
In the presence of EGF, cells expressing mutants G735S, G796S and E804G revealed greater ability to invade through Matrigel membrane and showed 6-, 13-and 25-fold increases in invasion over WT invasion, respectively (Figures 4a and b) . These changes are statistically significant (Po0.001). Cells expressing EGFR mutant R841K were not able to invade either in the presence or absence of EGF. EGFR was expressed at a similar level for all samples when invasion assays were performed, and anti-b-actin immunoblots served as loading control (Figure 4c ).
Constitutive and hyperactivation of EGFR kinase domain by oncogenic mutation EGF activates EGFR through phosphorylation of specific tyrosine residues in its intracellular kinase domain. There are five tyrosine residues in the tail region of the intracellular kinase domain capable of being phosphorylated upon activation, that is, pTyr845, pTyr992, pTyr1045, pTyr1068 and pTyr1173, leading to subsequent activation of various signal transduction pathways. We examined the phosphorylation of these five tyrosine residues, in both the absence and presence of EGF ligand (50 ng ml À1 ), by western blot analysis in NIH3T3 cells stably expressing the WT and four mutants using site-specific phosphotyrosine antibodies (Figure 5a ). Each western blot analysis was performed in triplicate and scanned to obtain average levels of total and phospho proteins at each site of tyrosine phosphorylation for each mutant compared with WT EGFR. The levels of expression were normalized to b-actin in Figures 5b and c. In the absence of EGF, cells expressing the three mutants (E804G, G735S, G796S) revealed increased phosphorylation in the order of magnitude E804G>G735S>G796S at tyrosine sites with the following order of activity: Y992>Y1173> Y1068>Y845 (Figure 5a, left panel and 5b) . The most prominent activation (phosphorylation) mutation was in cells expressing mutant E804G at site Y1068 (average band intensity as 72.8±22.6), followed by G735S (23.5 ± 6.4) and then G796S (21.7 ± 5.6) (Figure 5a , left panel) compared to zero signal of WT EGFR. Cells harboring mutant R841K showed phosphorylation at only Y992, but at a similar level to WT (Figure 5a , left panel).
Addition of EGF ligand induced phosphorylation at levels above WT in the following order of magnitude in cells expressing mutants E804G>G796S>G735S, and in contrast to the absence of ligand, the presence of EGF ligand resulted in the increase in phosphorylation at all five tyrosine residues in the following order of activity Y1068>Y1173XY992>Y845>Y1045, compared to WT (Figure 5a , right panel and 5c). The most prominent activation mutation was in cells expressing mutant E804G at site Y1068 (3.3-fold increase over WT), followed by slight increase in activation for G796S (2.3-fold increase over WT) and G735S (1.5-fold increase over WT) mutations. Cells expressing EGFR mutant R841K showed phosphorylation at only Y992, but at a lower level of expression comparable to that in WT EGFR in the presence of EGF.
EGF-independent and -dependent activation of Akt, STAT3 and MAPK pathways with EGFR oncogenic mutants EGFR exerts its function through the activation of multiple signal transduction pathways (Figure 6a ), including Akt/PKB, STAT3 and MAPK. We first employed monoclonal total and phospho-Akt antibodies to determine if the EGFR mutations could lead to either constitutively active or hyperactive Akt activity in the presence or absence of EGF ligand stimulation. Total Akt was expressed in comparable levels either in the absence (Figure 6b, left panel and 6c) or presence ( Figure 6b , right panel and 6d) among these mutations. In the absence of EGF, phosphorylated Akt was not significantly elevated in cells stably expressing all three oncogenic EGFR mutants, compared to that in cells harboring WT EGFR and pBabe vector alone ( Figure  6b, left panel and 6c) . In the presence of EGF ligand (Figure 6b, right panel and 6d) , cells expressing all four mutants showed increases in Akt activation of 1.8-, 1.7-, 1.6-and 1.3-fold for G735S, G796S, E804G and R841K compared to WT EGFR, respectively. Thus, three phosphorylated tyrosines (Y992, Y1068 and Y1173) can presumably transmit synergistic signals via activated Akt, which may contribute to the oncogenic phenotypes observed for all three oncogenic mutants in a model cell culture system.
Signal transducers and activators of transcription (STAT) and MAPK are also important kinase pathways activated by EGFR ). Thus we also examined activation of STAT3 and MAPK by our EGFR mutants using western blot analysis with total and phospho antibodies to these two proteins. Once again, the levels of expression in total STAT3 and MAPK were at equivalent levels for cells expressing all mutants (Figures 6b-d) . In the absence of EGF ligand, there was an increase in activation of phospho-STAT3 by G796S, R841K and E804G versus WT with fold increases as 2.2, 1.9 and 1.8 respectively (Figure 6b , left panel and 6c). The level of phospho-STAT3 in cells harboring G735S was at similar level with WT. The phospho-MAPK pathway showed constitutive activation with significant increases in band intensity of 5.4-, 3.9-, 2.7-and 1.5-fold, respectively, for cells expressing mutants G735S, R841K, G796S and E804G compared to WT and pBabe vector alone. However, in the presence of EGF, there was no obvious increase of both phospho-STAT3 and phospho-MAPK for cells expressing the three oncogenic mutations compared to WT (Figure 6b, right panel and 6d) .
Discussion
This is the first study on the functional relevance of somatic EGFR kinase domain mutations, that is, G735S, G796S, E804G, R841K, in prostate cancer. Most EGFR mutations in lung and head/neck cancer reside in the activation loop or alpha helix C region (Lynch et al., 2004; Pao et al., 2004; Lee et al., 2005; Nagahara et al., 2005) . These mutations disrupt the autoinhibition of interaction between intracellular kinase domains and render the mutated kinase constitutively active (Greulich et al., 2005; Zhang et al., 2006; Choi et al., 2007) . Interestingly, while they occur in the kinase domain of EGFR in prostate cancer, none of the four novel somatic EGFR mutations are located in the activation loop or alpha helix C region. Therefore, it was imperative to determine whether these mutations are cancer epiphenomena or are oncogenic in nature.
In this study, we have shown that three (G735S, G796S and E804G) of the four EGFR mutations identified in prostate cancer patients are oncogenic in NIH3T3 cells. NIH3T3 cells harboring each of the three mutations showed increased growth, transformation and invasion compared to cells expressing WT EGFR in the absence of EGF stimulation. As the three oncogenic mutations demonstrated increased phosphorylation of four tyrosine residues compared to WT EGFR in the absence of ligand, this indicates that these three kinase domain mutations are constitutively active. Another common feature for these mutations is that they are all hyperactive in response to ligand stimulation, and hyperphosphorylation of EGFR caused increased growth, transformation and invasion. The most active and significant somatic missense mutation in the kinase domain was E804G. In the absence of EGF ligand, NIH3T3 cells harboring the E804G mutation showed an increased ability for growth and invasion due to the constitutive activation of four tyrosine residues Y845, Y992, Y1068 and Y1173. Upon ligand stimulation, E804G showed the most hyperactive activation and subsequently greatest aggressiveness in growth and invasion.
Though all three oncogenic mutations have aggressive behavior in cell proliferation and invasion assays, they have different degrees of aggressiveness in biological activities and signal transduction pathway activation. Mutations E804G and G796S conferred the greatest growth potential, highest transformation and invasion ability. Of note, the NIH3T3 cells stably expressing mutant G796S demonstrated a greater invasion ability than NIH3T3 cells bearing mutation L858R, a frequent mutation in lung cancer (data not shown).
Epidermal growth factor receptor (EGFR) exerts its function through a complex network of signaling pathways including Akt, pSTAT3 and MAPK. We have elucidated the important pathways affected by these oncogenic EGFR mutants. In the presence of EGF, we found that in all three oncogenic mutants, phosphorylated Akt was substantially increased, compared to WT EGFR. Thus, inhibition of phosphorylated Akt might be a potential therapeutic target for prostate cancer patients who harbor this distinct set of mutations in their EGFR kinase domain.
Although it has been reported that STAT3 activation inhibits LNCaP cell growth (Spiotto and Chung, 2000) , many reports indicate that activated STAT3 is expressed in prostate cancer and that STAT3 activation in prostate cancer cells results in cell proliferation (Giri et al., 2001; DeMiguel et al., 2002; Huang et al., 2005) . Furthermore, inhibitors of Stat 3 lead to the apoptosis of prostate cancer cells (Barton et al., 2004; Bellezza et al., 2006) . Of the three mutations, EGF-independent activation of STAT3 in cells stably expressing the mutants G796S and E804G was notably observed. In addition, phosphorylation of MAPK in cells harboring mutants G735S and G796S was also observed, which may contribute to the increased colony formation and invasive potential conferred by these mutants. Of the three oncogenic mutations, cells expressing the mutant E804G were phosphorylated at the highest levels (at Y992, Y1068 and Y1173), which presumably leads to signal transduction and downstream activation of mitogenic and/or anti-apoptotic pathways (Hanahan and Weinberg, 2000; Jorissen et al., 2003; Shao et al., 2003; Sordella et al., 2004; Citri and Yarden, 2006) . However, we did not observe the expected extent of activation for MAPK and/or STAT3 with cells that expressed mutant E804G. Substantially elevated activation of MAPK and STAT3 seen in an EGF-independent manner disappeared upon addition of 50 ng ml À1 EGF, indicating signaling other than STAT3 or MAPK might be involved.
Several lines of evidence indicate that the role of EGFR kinase domain mutations in response to EGFR kinase inhibitors may be clinically relevant. In lung cancer, cells whose growth depends on EGFR with mutations in exons 19 and 21 are sensitive to tyrosine kinase inhibitors of EGFR (Lynch et al., 2004; Paez et al., 2004; Pao et al., 2004; Bell et al., 2005; Choi et al., 2007) . Glioblastoma cells transformed by expression of these EGFR mutants were sensitive to small-molecule EGFR kinase inhibitors (Lee et al., 2006) . We are in the process of testing anti-EGFR drugs, including several classes of EGFR inhibitors (small molecules, monoclonal antibodies and the HSP90 inhibitor 17AAG) to determine whether these mutations in prostate cancer have differential responses to EGFR inhibitors.
In summary, we have demonstrated the oncogenic nature of three EGFR mutations in prostate cancer due to constitutive and hyperactive functions of the mutated EGFR.
Materials and methods
Expression constructs for EGFR mutants Retroviral EGFR expression constructs containing puromycin (pBabe-Puro-EGFR) (Greulich et al., 2005 ) (a gift from Dr Meyerson) were used for site-directed mutagenesis using the Quick-Change Mutagenesis XL kit (Stratagene, La Jolla, CA, USA) with the following primers: for mutant G735S: 5 0 -GGACTCTGGATCCCAGAAAGTGAGAAAGTTAAAAT TCCC-3 0 and 5 0 -GGGAATTTTAACTTTCTCACTTTCTGG GATCCAGAGTCC-3 0 ; for mutant G796S: 5 0 -GCAGCTCAT GCCCTTCAGCTGCCTCCTGGACTATG-3 0 and 5 0 -CATA GTCCAGGAGGCAGCTGAAGGGCATGAGCTGC-3 0 ; for mutant E804G: 5 0 -CTCCTGGACTATGTGCCGGGACACA AAGACAATATTGGC-3 0 and 5 0 -GCCAATATTGTCTTTG TGTCCCCGGACATAGTCCAGGAG-3 0 ; for mutant R841K: 5 0 -CCGCGACCTGGCAGCCAAGAACGTACTGGTGAAA AC-3 0 and 5 0 -GTTTTCACCAGTACGTTCTTGGCTGCCA GGTCGCGG-3 0 .
Construction of clonal NIH3T3 cells stably expressing wild-type and mutated EGFR Replication incompetent retroviruses were produced from pBabe-Puro-based (pBabe) vector with four kinase domain mutants, that is, G735S, G796S, E804G and R841K mutants, by transfection into the Phoenix 293T packaging cell line using lipofectamine (Invitrogen, Carlsbad, CA, USA). The packaging cells were grown in Dulbecco's modification of Eagle's medium (DMEM; Gibco, Carlsbad, CA, USA) with 10% fetal bovine serum. NIH3T3 cells (ATCC) were infected with retroviruses in the presence of 8.0 mg ml À1 polybrene (Sigma Aldrich, St Louis, MO, USA). Twenty-four hours post infection, 2.5 mg ml À1 polybrene was added to the media and pooled cell lines were selected. Three single-clonal cell lines for each condition were derived using a 96-well plate format.
Cell proliferation assays WT EGFR and pBabe vector transfected cells were used as controls. Cells (2.5 Â 10 4 ) with WT and mutated EGFR G735S, G796S, E804G and R841K were seeded into 24-well plates in the presence or absence of EGF. For experiments with EGF (Invitrogen), 50 ng ml À1 EGF was added day at the time of cell plating and day 3. Cells were counted microscopically at three random fields from each condition on days 2, 3, 4 and 5 after plating. Cell counts were performed using three independent clones for each condition.
Anchorage-independent growth assay EGFR-expressing NIH3T3 cells or kinase domain-mutated EGFR (5 Â 10 4 ) were suspended in a top layer of DMEM containing 10% bovine calf serum (BCS) and 0.35% SeaPlaque GTG Agarose (Cambrex, Rockland, ME, USA) and plated on a bottom layer of DMEM containing 10% BCS and 0.5% SeaPlaque GTG agarose in 24-well plates. EGF (50 ng ml
À1
) was added to the top agar. Three weeks after plating, colonies (defined as a group of 50 or more cells) were counted in triplicate wells from nine random fields.
Matrigel invasion assays
Cells (5 Â 10 4 cells) were suspended in 0.5 ml, and 0.5% bovine serum albumin was plated on the insert of Matrigel invasion chamber (Becton Dickinson/Biocoat, Bedford, MA, USA). Inserts were placed on top of 0.75 ml DMEM with 10% BCS (as chemoattractant) located in the lower chambers ± 50 ng ml À1 EGF. After 24 h of incubation, cells on the other side of Matrigel membranes were stained using a Diff-Quik stain (Richard-Allan Scientific, Kalamazoo, MI, USA) and counted microscopically on the entire field at Â 40 objective magnification.
Immunoblotting Cells were stimulated with EGF (50 ng ml À1 ) for 30 min at 37 1C. Whole cell extracts were prepared from NIH3T3 cells with either WT or mutant EGFR or pBabe vector construct alone with lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton, 25 mM NaF, 10 mM ZnCl) in the presence of protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA) at pH 7.5. Lysates were run on 12% SDS-PAGE gels then transferred to a nitrocellulose membrane for western blot analysis. Primary antibodies specific for phosphorylation at Tyr 845, Tyr 992, Tyr 1045, Tyr 1068 and Tyr 1173 (Santa Cruz, Santa Cruz, CA, USA), phospho-Akt (Ser 473), phospho-STAT3 (Tyr705) and phospho-STAT5 (Tyr694), total Akt and STAT3 (Cell Signaling Technology, Danvers, MA, USA), ERK1/2 and phospho-ERK1/2 (Thr202/Tyr204) (Santa Cruz) were used. Immunoblots were incubated with the primary antibodies for 2 h and secondary antibody (Amersham Biosciences, Piscataway, NJ, USA) for 1.5 h at room temperature. Protein bands were detected by enhanced chemiluminescence (Amersham Biosciences), and analysis of net band intensity was determined using Kodak Molecular Imaging Software version 4.0.
Statistical analysis
Cell proliferation, transforming and invasion experiments were performed at least three times with similar results. All statistical analysis was performed using GraphPad Instat version 3.0 (Graph Pad Software Inc., San Diego, CA, USA). Statistical significance was calculated using the Student's two-tailed t-test, where Po0.05 was considered significant.
